A new humid air turbine cycle that uses low-or medium-temperature solar energy as assistant heat source was proposed for increasing the mass flow rate of humid air. Based on the combination of the first and second laws of thermodynamics, this paper described and compared the performances of the conventional and the solar HAT cycles. The effects of some parameters such as pressure ratio, turbine inlet temperature (TIT), and sollar collector efficiency on humidity, specific work, cycle's exergy efficiency, and solar energy to electricity efficiency were discussed in detail. Compared with the conventional HAT cycle, because of the increased humid air mass flow rate in the new system, the humidity and the specific work of the new system were increased. Meanwhile, the solar energy to electricity efficiency was greatly improved. Additionally, the exergy losses of components in the system under the given conditions were also studied and analyzed.
Introduction
In recent years, the solar energy as a kind of clean and renewable energy is applied in many areas. More and more countries pay attentions to researching and developing solar energy and gradually extend the tremendous scale power generation. Solar thermal power plants can produce hightemperature heat that is converted into electricity by conventional power cycles [1, 2] . The way of solar energy utilization by heating water into steam through solar collector for gas turbine has developed successfully in test and technology. Since 1970s, the solar thermal power generation technologies were emphasized in the major developed countries, such as the United States, Spain, Germany, and others. According to incomplete statistics, in recent 20 years, there are about 20 sets of solar power plants in the world, and the solar thermal power output is above 500 MW, and the biggest solar power is 80 MW [3, 4] .
The HAT cycle is an advanced power generation system with relatively high efficiencies, low specific investment costs, high power, and low emissions. In the 1980s, the interest in gas turbine cycles with humidification towers was increased. The humid air turbine (HAT) was proposed by Y. Mori in 1983, and subsequently, the Japanese researchers applied patent in 1985 and RAO applied in 1989 [5, 6] . In the beginning of the 1990s, a research program on EvGT (evaporative gas turbine) was initiated in Sweden, and an advanced program of humid air turbine was studied in Japan [7, 8] . Besides, HAT cycles combined with fuel cells have also been investigated. Rao and Samuelsen presented an HAT cycle integrated with a solid oxide fuel cell (SOFC) with a high thermal efficiency of 69.1%. Up to now, many researchers have proposed the concepts of graded use of energy for improving the performance of HAT cycle [9] [10] [11] [12] [13] [14] .
In this paper, a new mode of HAT cycle that integrated with solar energy is proposed. In the new system, the solar collector will concentrate the solar energy for heating some circulating water in order to obtain high efficiency of solar energy utilization. Meanwhile, the main characteristics of the novel system will be disclosed. Additionally, we use the exergy analysis method to discuss and investigate some factors influencing on the performance of HAT cycle.
Description of the New System
In the proposed cycle system, solar energy is taken as an added heat resource for concentrating energy for the cycle. Figure 1 , a solar collector (13) is arranged to absorb low-or medium-temperature solar energy for the additional circulating water in order to increase the water amount and temperature for the saturator (7). The ambient air enters the low-pressure compressor (1) and is compressed first, then it is cooled in intercooler (2) by circuiting water. After that, the compressed air goes into the high-pressure compressor (3) and is cooled for the second time in aftercooler (4). In the saturator, compressed air is humidified with hot water which passes through the saturator. The hot water quantity increases the mass flow and the specific heat of the working fluid which leads to additional power. The use of the recuperator (10) can recover the turbine (9) exhaust heat for the system. Then the humid air goes into the combustor (8) and is fired with natural gas. Thereafter, it inters the turbine (9) to do work and eventually is discharged into surroundings.
Performances of the System to Study

Humidity kg kg
−1 . Humidity is defined as
where ϕ means air relative humidity before entering the saturator. p s denotes the steam pressure of the saturator. p is the total pressure of wet air in saturator.
3.2.
Specific Work w n . In this paper, specific work and exergy efficiency as the main evaluated performance indeces are considered. They are illustrated in the following paragraphs. Specific work is calculated as the actual net power output by per cycle working fluid and that can be presented as
where 
Exergy Efficiency of Cycle η E,x .
The exergy efficiency of the system is exhibited as follows:
where E CH4 is the standard chemistry exergy, 830.19 kJ · mol −1 , and F xCH4 = G 0 * f CH4 , where f CH4 is exhibited by (8) and (9) .
Solar Energy to Electricity Efficiency (η solar ).
To investigate the contribution of the solar energy to the system, the solar energy contribution coefficient is calculated by the following equation:
The solar energy to electricity efficiency is taken as an incremental efficiency, which is also defined as follows: 
. The second one is the gas temperature (t B ) after the first stage nozzle in turbine. The third is that the average temperature (t C ) of all gases which enters the turbine. Generally, the mentioned TIT is usually referred to the second one. In order to calculate conveniently, the first definition is selected in this paper. The exergy balance equation of the turbine is
4.2.3. Combustor. The combustion process is nearly an isobaric process and complex. In order to calculate the consumption of fuel mass flow rate, chemical reaction is
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The mass flow rate of fuel consumption ( f CH4 , kg/s air) can be calculated by the above equation.
The exergy balance equation is defined as 
4.2.5. Saturator. In the saturator, while the hot water transfers the heat and mass to the compressed air, the mass flow rate, temperature, and enthalpy of the humid air increase. In the outlet of saturator, the humid air is nearly saturated. The exergy balance equation is
4.2.6. Solar Collector. Some equations of solar collector are given as follows
All gases such as the working fluid of air, combustion gases, and steam are supposed as actual gases, whose thermodynamic properties are influenced by pressure and temperature and with FORTRAN program for calculating thermodynamic parameters for different conditions. In addition, the solar collector temperature is assumed to be equal to the circulating water inlet temperature of the saturator.
Thermodynamic Performance Analysis
Analysis of the Performances of HAT Cycle.
In this study, the main performances to research are humidity, specific work, exergy efficiency of the cycle, and the solar energy to electricity efficiency, including those of conventional (reference) and solar (proposed) HAT cycles. According to the parameters in different conditions, the rules of two cycles' performance parameters are studied, which varied with pressure ratio, turbine inlet temperature, and the solar collector efficiency. In this section, in order to reveal the variation laws of the performance, we choose a specific working condition as a typical calculating demonstration. The ratio of the collector circulating water mass flow rate with that of the internal water (x) is 0.3. Figure 2 shows the variation of humidity with pressure ratio for solar collector efficiency of 0.65 at different turbine inlet temperatures (TITs). As the increase of the pressure ratio, the humidity is increased. The slope of the solar HAT is 
Variation of Humidity with Pressure Ratio.
• C 1 0 Minimum heat transfer temperature difference between gas and gas (Δt 2 )
• greater than that of the conventional HAT. It can be seen from Figure 2 that the humidity is increased much higher for the solar HAT cycle than that of the conventional HAT, and with the pressure ratio increasing, the enhancement of humidity becomes great. For example, with TIT = 1100
• C, at the pressure ratio of 12, the humidity is 12.44% and 17.35% for the conventional HAT and solar HAT, respectively, which is increased by 4.91 percent points, while with pressure ratio of 24, it is 16.97% and 24.18% for the conventional HAT and solar HAT cycle, respectively, increasing by 7.21 percents points. In addition, the humidity changes almost the same value with the same TIT change. For instance, the humidity of the solar HAT is 19.51%, 20.00%, and 20.6% for TIT at 1000
• C, 1100
• C, and 1200
• C with pressure ratio of 16, respectively. Owing to the utilization of the solar energy that integrated with HAT cycle, the humidity improves.
Variation of Specific Work with Pressure Ratio. The
Variation of specific work with pressure ratio for the cycle in different working conditions is demonstrated in Figure 3 . The specific work is increased greatly with the increased temperature TIT and pressure ratio, but its slope is gradually going down with the enhancement of pressure ratio. In comparison with the conventional HAT cycle, the specific work is higher for the solar HAT cycle due to the increase of humidity which improves the mass flow rate of the steam in combustor. For example, with the pressure ratio of 8 and TIT of 1100
• C, the specific work is 366.2 kJ/kg for the reference cycle and 398.6 kJ/kg for the proposed cycle, increasing 32.4 kJ/kg. And with the increase of pressure ratio, the improvement of specific work increases more; for instance, at the pressure ratio of 20 and TIT of 1100
• C, the specific work is 519.9 kJ/kg for the reference cycle and 604.7 kJ/kg for the proposed cycle, improving 84.8 kJ/kg. In addition, the TIT has greater influence on the specific work. At the pressure ratio of 18, when the TIT is changed from 1000
• C to 1200 • C, the specific work is increased by 168.7 kJ/kg for solar HAT cycle relative to the conventional HAT cycle. the cycle efficiency using solar energy is decreased. For instance, when the solar collector efficiency is 0.65, at the pressure ratio of 12, when the TIT is 1000
Exergy Efficiency.
• C, the exergy efficiency of the conventional HAT cycle is 47.32%, 50.62%, and 53.44%, respectively, while that of the solar HAT cycle 46.02%, 49.10%, and 51.84%. For the exergy efficiency, the solar HAT cycle also has an optimum pressure ratio at different TITs similar to the conventional HAT cycle; however, with the solar energy utilization, the optimum pressure ratio will be little increased. For example, while the TIT is 1000
• C, the optimum pressure ratio is 8 for the reference cycle and 9 for the proposed cycle. The exergy efficiency is sensitive to TIT; for example, in the condition of π = 16, when the TIT increases from 1100
• C to 1200 • C, the efficiency improves from 48.95% to 51.75% for the proposed cycle. So the increase of TIT is a key factor to improve the performance of the HAT cycle.
The Solar Energy to Electricity Efficiency.
The relationship between the solar energy to electric efficiency and the pressure ratio with different TIT is illustrated in Figure 5 , assuming the solar collector efficiency of 0.62. It can be seen that the solar energy to electricity efficiency increases obviously with the increase of pressure ratio at different TITs. However, it is affected little by the TIT.
In Figure 6 , it illustrates the solar energy to electricity efficiency of the HAT cycle with solar energy versus the solar collector efficiency for different TITs and at a given pressure ratio of 16. As can be known that, the solar energy to electricity efficiency is enhanced linearly with the increase of solar collector efficiency. With the value of solar collector efficiency increasing 10 percent, the solar energy to electricity efficiency improves about 5 percent points.
Furthermore, we can compare the solar energy to electric efficiency in the solar HAT cycle with that in other advanced power cycles using solar energy, for example, the power cycle in which the solar energy is utilized for the methanol decomposition [12] . At the same conditions, such as the pressure ratio of 15, TIT of 1200
• C, and solar collector efficiency of 0.62, the solar energy to electricity efficiency in the solar HAT cycle is about 31.2%, while that is about 30.6% for the power cycle of using solar energy for the methanol decomposition. Through comparison in other conditions, the solar energy to electricity efficiency in the solar HAT cycle is almost greater. According to the analysis, the solar energy to electricity is improved due to the solar energy integration with the HAT cycle. process is the first law of thermodynamics. However, there is increasing interest in the combined utilization of the first and second laws of thermodynamics, such as concepts as exergy efficiency and exergy destruction. The exergy analysis method is providing an indicator that points which direction efforts should be concentrated to improve the performance of the thermodynamic systems [15] [16] [17] . The exergy analysis method can find the useful work and the degree of energy utilization qualitatively and quantitatively. Therefore, it not only can estimate the efficiency of the system but also offer the target of improving equipment and saving energy by finding the weak links of the maximal exergy loss [17] [18] [19] [20] .
Exergy Analysis of Components in the
In order to obtain the utilization situation of the energy in system, the exergy analysis will be carried out in certain conditions of the system. Under the conditions of π = 14, TIT = 1100
• C and the ratio of solar collector circulating water mass flow rate with that of internal circulating water (x = 0.3), the thermal parameters of the solar HAT are shown in Table 2 . In Table 3 , it presents the exergy efficiency comparison, the exergy loss, as well as the exergy loss' percentage of every component in cycles. Additionally, Figure 7 shows the comparison of exergy loss about every component in the cycles.
We can see that the greatest exergy loss in the cycle occurs in the combustor because of chemical reaction that makes large temperature difference between the reactants and the combustion gases. The combustor exergy loss percentage is about 54.60% for the conventional HAT, and that is changed to 47.71% for solar HAT due mainly to the increase of the gas flow rate and its exergy output. The exhaust loss, the regenerator, and the saturator all occupy a large proportion of exergy destruction. However, owing to the increase of steam in the exhaust gas carrying off a part of energy, the proportion of exhaust exergy loss in the solar HAT cycle is increased to 17.68% compared to the conventional HAT of 15.22%. Also, the results reveal that the exergy loss in solar collector is about 8.14%. For the two cycles, the exergy losses in turbine; the saturator and the recuperator all occupy nonnegligible parts. The exergy efficiency of the two cycles is about 50.47% and 49.04%, respectively. Furthermore, the fuel mass flow rate consumption of the solar HAT is a little higher than the conventional HAT due to the additional circulating water which comes from the collector. On the contrary, the specific work is much greater. Moreover, the system of HAT cycle which uses solar energy improves the exergy efficiency in combustor and that provides helpful guidance for improving the design of the related components.
Conclusions
Mainly by using the exergy analysis method, this paper has studied the variation laws of the performance of the HAT cycle with solar energy as the assistant heat source. According to the obtained results from the thermodynamic analysis of the solar HAT and the conventional HAT, they show that some performance parameters increase greatly by utilizing the solar energy, such as humidity, the cycle's specific work, and the solar energy to electricity efficiency. Compared to
